Adipose tissue secretes proteins referred to as adipokines, many of which promote inflammation and disrupt glucose homeostasis. Here we show that secreted frizzled-related protein 5 (Sfrp5), a protein previously linked to the Wnt signaling pathway, is an anti-inflammatory adipokine whose expression is perturbed in models of obesity and type 2 diabetes. Sfrp5-deficient mice fed a highcalorie diet developed severe glucose intolerance and hepatic steatosis, and their adipose tissue showed an accumulation of activated macrophages that was associated with activation of the c-Jun N-terminal kinase signaling pathway. Adenovirus-mediated delivery of Sfrp5 to mouse models of obesity ameliorated glucose intolerance and hepatic steatosis. Thus, in the setting of obesity, Sfrp5 secretion by adipocytes exerts salutary effects on metabolic dysfunction by controlling inflammatory cells within adipose tissue.
tissues at both the transcript and protein levels and that the Sfrp5 transcript was confined to adipocytes rather than stromal vascular cells ( fig. S1 ). Sfrp proteins sequester Wnt proteins in the extracellular space and prevent Wnt binding to their receptors (7, 8) . Canonical Wnt signaling negatively regulates adipogenesis (9) , but little is known about the role of Sfrp5 in the control of noncanonical Wnt signaling in adipose tissue or in the regulation of systemic metabolism.
To investigate Sfrp5 regulation during metabolic dysfunction, we examined its expression in rodent models of obesity (6) . Sfrp5 expression was reduced in obese leptin-deficient (ob/ob) mice ( Fig. 1A) and Zucker diabetic fatty rats ( fig. S2 ). Sfrp5 expression was also reduced in wild-type (WT) mice fed a HF-HS diet for 24 weeks (Fig. 1B) , but Sfrp5 expression was transiently up-regulated after 12 weeks of the diet, when metabolic dysfunction and adipose tissue expression of markers of inflammation, macrophage infiltration, and oxidative and endoplasmic reticulum stresses are less severe ( fig. S3 ). Sfrp5 has been shown to bind and antagonize both Wnt5a and Wnt11 (10) . Wnt5a protein expression, but not Wnt11, could be detected in adipose tissues ( Fig. 1 and figs. S2 and S3). In all models examined, obesity led to higher levels of Wnt5a expression and an increase in the ratio of Wnt5a to Sfrp5.
To determine whether Sfrp5 regulation is relevant to human obesity, we analyzed visceral fat biopsy specimens of obese individuals. Individuals presenting with macrophage crownlike structures (CLSs), an indicator of adipose tissue inflammation (11, 12) , also displayed a decrease in Sfrp5 transcript expression compared with obese individuals that were negative for CLS ( fig. S4 ). CLS-positive individuals also displayed higher levels of adipose TNFα transcript expression and an increase in the homeostasis assessment model for insulin resistance (HOMA-IR) index.
To investigate whether Sfrp5 regulates metabolism, we studied Sfrp5-deficient (Sfrp5 -/-) mice fed normal or HF-HS diets. No significant differences in body weight (BW) (WT mice: 33.1 T 0.8 g and Sfrp5 -/mice: 34.1 ± 1.1 g), glucose disposal, or insulin sensitivity could be detected between Sfrp5 -/and WT mice when mice were given standard feed ( Fig. 2A ). However, feeding the HF-HS diet to Sfrp5 -/mice for 12 weeks led to significant impairments in glucose clearance and insulin sensitivity compared with results in WT mice ( Fig. 2A ). Although Sfrp5 -/mice fed a HF-HS diet showed a small, but significant, increase in BW compared with WT mice, both strains had similar daily food intake during the experimental period of HF-HS diet feeding ( fig. S5 ). Fasting glucose and insulin levels were elevated, and a greater degree of hepatic steatosis, with a higher triglyceride content and heavier liver weight, were observed in Sfrp5 -/mice compared with WT mice fed the HF-HS diet ( Fig. 2B and fig. S5 ). We also performed histological analyses on epididymal adipose tissues. Sfrp5 -/mice fed a HF-HS diet had larger adipocytes than WT mice fed the same diet ( Fig. 2C ). Thus, Sfrp5-deficiency produces a phenotype of metabolic dysfunction only in mice that are under obesity-induced metabolic stress and not in mice under normal nutritional conditions. The development of insulin resistance is linked to a macrophage-mediated inflammation of adi-pose tissues (13) (14) (15) . Thus, to determine whether Sfrp5 -/mice show signs of an increased inflammatory response, the macrophage content of adi-pose tissue from Sfrp5 -/and WT mice was measured. Cells positive for F4/80, a macrophage marker, were more abundant in adipose tissue of Sfrp5 -/mice than that of WT mice when both strains were fed a HF-HS diet ( Fig. 2D ). Consistent with this finding, transcript levels of F4/80 and CD68, another macrophage marker, were significantly elevated in epididymal adipose tissue of Sfrp5 -/mice compared with WT mice fed a HF-HS diet, but not when given normal feed ( fig. S6 ). We also examined the expression levels of proinflammatory mediators in the stromal vascular fractions isolated from epididymal adipose tissue. When mice were fed a HF-HS diet, significant increases in levels of TNFα, IL-6, and monocyte chemotactic protein-1(MCP-1) transcripts occurred in the stromal vascular fraction from fat tissue of Sfrp5 -/mice compared with WT mice ( fig. S6 ). Transcript levels of TNFα, IL-6, and MCP-1 did not differ between Sfrp5 -/and WT mice when given normal feed.
To analyze the downstream signaling pathways affected by Sfrp5 deficiency, we assessed whether the canonical or noncanonical Wnt signaling pathways were activated in epididymal adipose tissues of Sfrp5 -/and WT mice fed a HF-HS diet. No differences were detected in transcript expression of cyclin D1 or WISP-2, indicators of canonical Wnt signaling, between Sfrp5 -/and WT mice ( fig. S6 ). In contrast, phosphorylation of c-Jun N-terminal kinase (JNK), a downstream target of the noncanonical Wnt signaling (16, 17) , was elevated 2.0 ± 0.1 (P < 0.05) in white adipose tissue in Sfrp5 -/mice. Also, the phosphorylation of c-Jun, a downstream substrate of JNK, was elevated in Sfrp5 -/mice by a factor of 2.3 ± 0.2 (P < 0.05) compared with WT mice (Fig. 3A) . Activation of JNK1 promotes insulin resistance through serine phosphorylation of insulin receptor substrate-1 (IRS-1) (18) . We found that IRS-1 phosphorylation at residue Ser 307 was increased in fat tissue of Sfrp5 -/mice by a factor of 2.2 ± 0.3 (P < 0.05) compared with WT mice (Fig. 3A) . We also assessed insulin signaling in adipose tissue by measuring the activating phosphorylation of Akt at Ser 473 after systemic insulin administration. In WT mice fed a HF-HS diet, insulin stimulated the phosphorylation of Akt in fat pads, but this induction of phosphorylation was diminished in the HF-HS diet-fed Sfrp5 -/mice ( Fig. 3B ). Because activation of JNK causes obesity-induced insulin resistance (18) , we hypothesized that the enhanced metabolic dysfunction observed in HF-HS diet-fed Sfrp5 -/mice could be attributed to the noncanonical activation of JNK in fat tissues.
To determine the effect of Sfrp5 and Wnt5a on JNK activation at the cellular level, we transduced 3T3-L1 adipocytes with adenoviral vectors encoding Sfrp5 (Ad-Sfrp5) or βgalactosidase (Ad-β-gal) as controls, then incubated the cells with Wnt5a protein. Compared with control vector, Ad-Sfrp5 increased Sfrp5 protein levels in both cell lysates and media ( fig. S7 ) and cancelled the stimulatory effects of Wnt5a on the phosphorylation of JNK in adipocytes (Fig. 3C ). Consistent with findings from mice, neither Sfrp5 nor Wnt5a had an effect on TOPflash reporter activity, which transcriptionally responds to canonical Wnt signaling ( fig. S7 ).
To assess the effect of Sfrp5 on JNK activation and inflammatory responses in macrophages in vitro, we stimulated murine macrophages with Wnt5a protein in the presence of conditioned media from 3T3-L1 adipocytes transduced with Ad-Sfrp5 or Ad-β-gal. Wnt5astimulated JNK phosphorylation in macrophages was blocked by the conditioned medium from adipocytes transduced with Ad-Sfrp5, but not Ad-β-gal ( Fig. 3D ). Treatment with Wnt5a also increased TNFα and IL-6 transcript expression by macrophages, and this was also blocked by conditioned medium from Ad-Sfrp5-transduced adipocytes ( fig. S8 ). To explore whether JNK signaling contributes to Wnt5a-stimulated induction of TNFα and IL-6, we pretreated macrophages with the JNK inhibitor SP600125 and incubated the cells with Wnt5a. Pretreatment with SP600125 diminished Wnt5a-stimulated expression of TNFα and IL-6 ( fig. S8 ), which indicated that Sfrp5 blocks macrophage activation through inhibition of Wnt5a-JNK signaling. Similarly, the stimulatory effect of Wnt5a on IL-6 expression in adipocytes was blocked by transduction with Ad-Sfrp5 or pretreatment with SP600125 ( fig. S7 ).
To investigate the role of JNK1 activation in the dysfunctional metabolic phenotype of the Sfrp5-deficient mice, we generated mice lacking both Sfrp5 and Jnk1. Consistent with a previous report (18) , Jnk1 -/mice exhibited improvements in insulin and glucose sensitivity, as well as reduced BW, compared with WT mice when fed the HF-HS diet (Fig. 3E and fig.  S9 ). Whereas Sfrp5 -/mice showed profound insulin resistance and glucose intolerance, Sfrp5 -/-Jnk1 -/double-knockout (DKO) mice showed glucose disposal responses that were comparable with those of Jnk1 -/mice (Fig. 3E ). Furthermore, although BW and transcript levels of TNFα, IL-6, and MCP-1 in fat tissue were elevated in Sfrp5 -/mice compared with WT mice, BW and proinflammatory mediator expression levels did not differ for Jnk1 -/and Sfrp5 -/-Jnk1 -/mice ( fig. S9 ). Thus, the impaired insulin sensitivity and enhanced adipose tissue inflammation in Sfrp5 -/mice can be attributed to enhanced activation of JNK1.
To assess whether Sfrp5 can prevent the development of insulin resistance in vivo, we intravenously administered Ad-Sfrp5 or Ad-β-gal to WT and Sfrp5 -/mice that were fed a HF-HS diet. Both WT and Sfrp5 -/mice treated with Ad-Sfrp5 showed significant improvements in glucose clearance compared with mice treated with the control vector ( fig.  S10 ). To investigate the effect of Sfrp5 treatment on glucose metabolism in another model of metabolic dysfunction, we delivered Ad-Sfrp5 or Ad-β-gal into ob/ob mice. Parallel experiments examined the consequences of intravenous injection of an adenoviral vector expressing APN (Ad-APN), because the chronic overexpression of this adipokine has been shown to reverse the metabolic consequences of leptin deficiency (19) . Two weeks after treatment with Ad-Sfrp5, glucose and insulin sensitivity were significantly improved (Fig.  4A ). The administration of Ad-APN to ob/ob mice led to a threefold increase in plasma APN levels, but this was relatively ineffective in improving glucose clearance in this model. The administration of Ad-Sfrp5 also led to significant reductions in transcript levels of TNFα, IL-6, MCP-1, F4/80, and CD68 in adipose tissue, and this was accompanied by a reduction in the activating phosphorylation of JNK ( fig. S11 ). Treatment with Ad-Sfrp5 also led to the atrophy of enlarged white adipocytes in ob/ob mice (Fig. 4B ) with a reduction of fat weight (Ad-β-gal: 2.51 ± 0.19 g and Ad-Sfrp5: 2.01 ± 0.11 g, P < 0.05) and a marked attenuation of lipid accumulation in the liver (Fig. 4C) . Taken together, these data indicate that acute Sfrp5 administration can reverse hyperglycemia and hepatic steatosis in multiple mouse models of metabolic dysfunction.
In summary, we show that Sfrp5 is secreted by adipocytes and that it controls the microenvironment of white adipose tissue under conditions of metabolic stress. Whereas Sfrp5 -/mice do not express a detectable phenotype when given normal feed, these animals displayed aggravated fat pad inflammation and systemic metabolic dysfunction when fed a high-calorie diet. Conversely, the acute administration of Sfrp5 to models of obese and diabetic mice improved metabolic function and reduced adipose tissue inflammation. We propose that Sfrp5 neutralizes noncanonical JNK activation by Wnt5a in macrophages and adipocytes via paracrine and autocrine mechanisms, respectively. The JNK signaling pathway in adipocytes and macrophages has emerged as an important mediator of adipose tissue inflammation that affects systemic metabolism (18, (20) (21) (22) . Thus, the Sfrp5-JNK1 regulatory axis in fat represents a potential target for the control of obesity-linked abnormalities in glucose homeostasis. 
